In this work we study the annihilation of fermionic dark matter, considering it as a neutral particle with non vanishing magnetic (M ) and electric (D) dipole moments. Effective cross-section of the process χχ → γγ is computed starting from a general form of coupling χχγ in the framework of an extension of the Standard Model. By taking into account annihilation of DM pairs into mono-energetic photons, we found that for small masses, m χ ≤ 10 GeV, an electric dipole moment ∼ 10
I. INTRODUCTION
The enigma of dark matter (DM) is perhaps the most interesting problems in modern astrophysics, moreover that it has led to the incursion of elementary particle physics. The joint work of these two disciplines has as one of its main objectives to determine the nature and properties of DM, either through direct or indirect detection. This missing mass enigma emerged since was first figured out by F. Zwicky, and later V. Rubin measured the curves of galaxies and the masses of extragalactic systems [1, 2] . Nowadays, the evidences from galactic dynamics (rotation curves), galaxy clusters, structure formation, as well as the Big Bang's nucleosynthesis and the cosmic background radiation, suggest that baryons do not suffice to explain observations; most of the non-relativistic missing matter prevailing in the Universe must be non-baryonic [3] [4] [5] [6] .
The non-baryonic nature of DM is a clear evidence that our understanding of the matter components of elementary particle physics, beautifully described by the Standard Model (SM) is incomplete. For this reason, theoretical physicists have considered new physics beyond the Standard Model (BSM) in order to accommodate (at least) a non-baryonic DM candidate [6, 7] . The only no weakly interacting particle within the SM is the neutrino, which has been shown to be inadequate to explain the features of the major DM fraction [8] .
One of the most studied and well understood candidates emerging of BSM, are the weak interacting massive particles, commonly called as WIMPs. Examples of these are the neutralino [9] and the gravitino, but unfortunately they have not been detected yet. There are other compelling candidates of non-thermal origin such as the axion [10] and axion-like-particles [11] , among others.
In absence of the discovery of such particles it is worth exploring other possibilities. An alternative phenomenological researching line to explore the DM particle properties is an independent model. On this line, the restrictions for strongly interacting DM were considered in Ref. [12] .
In addition, the DM self-interaction has been considered following the same approach in Refs. [13, 14] . Some people have studied whether DM could be charged [15] or if it might have a millicharge [16, 17] . Likewise, it has been considered among these phenomenological possibilities, that DM has an electric or/and magnetic dipole moment [18] [19] [20] [21] [22] [23] .
Annihilation of fermionic dark matter considering a DM particle with non vanishing magnetic (M ) and electric (D) dipole moments (DDM) is the goal of this paper. By starting from a general form of coupling χχγ in a SM extension, the annihilation cross-section σ ann ≡ σ(χχ → γγ) is computed analytically.
The most stringent constraints on σ ann are imposed in order to consistently predict measure-ments in high energy experiments and astrophysical sources. On the other hand, cosmological observations provide weaker constraints to σ ann since scattering processes involving DM affect the thermodynamics of the cosmic plasma due to injection energy and entropy to the cosmic plasma at the early Universe.
Nonetheless, the cosmological bounds are relevant since provide information about the features of DM in quite different regime. For example, it is well known that if DM couples to gauge bosons a resonance can be created which is amplified by low-velocity DM at late times in typical astrophysical environments and it is able to increase the cross-section by orders of magnitude, this effect is know as the Sommerfeld enhancement [24] . For that reason, even though constraints from high energy phenomena are stronger than those from cosmological observations, the latter are important to shape the features of DM at the early Universe. In this work our goal is to set constraints on DDM models focus on recent measurements of the temperature anisotropies of the cosmic background radiation and the current relic abundance.
In this work we consider, precisely, the annihilation of fermionic DM, considering it as a neutral particle with non vanishing magnetic (M ) and electric (D) dipole moments. Effective cross-section of the process χχ → γγ is made starting from a general form coupling χχγ. We also constrains our model according to recent measurements of the temperature anisotropies of the cosmic background radiation.
Then, in the next section II we set up the theoretical framework behind the sort of DM considered here. In subsection II A, we introduce the effective Lagrangian describing the interaction between DDM and photons, as well as the calculation of the thermally averaged cross-section corresponding to the annihilation process σ ann v rel . Afterwards, in section III we present our main results, which consist of constraints established over the magnetic and electric dipole moments, and the DM mass in order to satisfy some recent phenomenological constraints to σ ann v rel and the DM mass, by requiring the residual abundance and the cross-section to be consistent with measurements of the temperature anisotropies of the cosmic background radiation, subsections III A and III B. Finally, we give our conclusions in section IV.
II. THEORETICAL FRAMEWORK
Dark matter seems to be made of non-relativistic particles which mainly interact on a gravitational way with SM particles. Non-gravitational interactions might exist but they should be very weak in order to generate the observed large scale structures. There from, the DM coupling to photons is assumed to be negligible [19] . However, although the DM particles are assumed as chargeless, they could be coupled to photons through radiative corrections in the electric (D) and magnetic (M ) dipole moment [20] . Then, we assume DM as fermionic WIMPs particles endowed with a permanent electric and/or magnetic dipole moment [22] .
Within the DDM framework χχ pairs are able to annihilate into two photons through processes corresponding to the Feynman diagrams shown in Figure 1 . There are other relevant annihilation processes such as χχ → γ Z 0 and χχ → γ H 0 . However in this work we assume that the γγ channel is the most relevant in the cosmological scenario [25] .
According to [25] , the spectrum of secondary photons produced by annihilation is homogeneous and has a cutoff at E χ = m χ where as it barely depends on m χ and takes the same form for any channel, therefore we can assume that photons are monochromatic.
Likewise any WIMP, DDM particles might be detected either through direct and indirect methods. In the former, WIMPs would be detected by measuring a nuclear recoil produced in their on elastic collision with the detector nuclei as target in laboratory frame [18] [19] [20] . Examples of these experiments are CRESST [26, 27] , XENON [28, 29] , CDMS [30, 31] , DAMA [32] [33] [34] and COGENT [35] [36] [37] . Besides, indirect methods allow us to detect a WIMP through the observation of secondary products emitted due to annihilation of χχ pairs across the galactic halo or inside the Sun and the Earth, where they could have been gravitationally trapped. In this annihilation some kind of radiation would be emitted, such as: high energy photons (gamma rays), neutrinos, electron-positron and proton-antiproton pairs, among others. An example of these one is HAWC (High Altitude Water Cherenkov) [38] .
On the other hand, possible signatures of DDM could arise in some cosmological grounds.
Firstly, like any other WIMP, the cosmic relic abundance due to these DDM particles would have been formed owing to non-equilibrium thermal decoupling when the pair-annihilation rate dropped below the expansion rate of the Universe. That is, when the temperature of the cosmic plasma laid well bellow m χ , DM particles are relativistic and the pair-annihilation of occurred in equilibrium.
As the temperature drops below m χ the species become non-relativistic and the particle number density starts to decrease tracking for a while the equilibrium behavior. At some point annihilations become fairly unlikely due to the cosmic expansion and the DM species goes out of equilibrium and freezes in Ref. [39] . This out-of equilibrium process leaves behind a DM cold relic that barely interacts with itself or any other particle except gravitationally [40] . For such a thermal particle with a weak-scale mass that annihilates through the s-channel, the relative density corresponding to its relic abundance can be inferred from different cosmological ob-servations [6, 39, 41] . In particular, it is well known that the peak-structure of the CMB anisotropies is sensitive to the total amount of DM in the Universe at the time of recombination [42] . Therefore, in accordance with the recent precise measurements of these temperature anisotropies made by Planck the required total amount of cold DM at that epoch must be Ω cdm h 2 = 0.112 ± 0.0012 [41] .
Besides, this relative density can be computed through the asymptotic Boltzmann equation governing the thermodynamics of massive DM species during annihilation at the early Universe. In this process, as the more efficient is the annihilation process -for larger σ ann v rel -the smaller would be the left-over of DM after decoupling. Thus, this residual quantity is closely related to the thermally-averaged cross-section and bounds to the relative density give rise to constraints on the cross-section via the following relation [39, 43 ]
with v rel being the relative velocity.
In this way, the energy density of residual DDM particles is fixed by σ ann v rel . Note that the previous equation is in agreement with the description above smaller effective annihilation sections correspond to much higher residual densities. It is worth mentioning that, the value of Ω cdm h 2
shown above is an upper bound for the energy density of the DM relic. In a more realistic scenario, more than one DM species should be considered and therefore their overall energy density must not overpass such value.
In addition, annihilation of DDM have another effect of energy and entropy injection to the cosmic plasma nearby the recombination epoch since it ionizes the gas and results in an effective increase in the free electron fraction resulting in modification to the structure of the CMB spectrum [39, 44] .
On the other hand, beyond the cosmological scenario, gamma rays provide a valuable piece of astronomical evidence for studying DM annihilation at local scales, since these photons are not deflected by intermediate magnetic fields between the source and the Earth, therefore the line of sight points towards the target where they are created. This allows us to look for gamma-ray signatures not only in our neighborhood of the galaxy, but also in distant objects such as satellite galaxies, the Milky Way, or even clusters of galaxies. Another advantage of the use of gammarays is that, in the local Universe, they do not suffer attenuation and, therefore, they retain the spectral information unchanged on Earth [45] . These advantageous features of gamma rays make the HAWC observatory appealing for studying observational signatures of DM candidates in general and specifically DDM.
Although HAWC is sensitive to photons from 100 GeV to 100 TeV, it has a maximum sensitivity in the range of 10 to 20 TeV, which makes it sensitive to diverse searches for DM annihilation, including extended sources, emission diffuse of gamma-rays, and the gamma rays emission coming of sub-halos of non-luminous DM. A subset of these sources includes dwarf galaxies, galaxy M31, the Virgo cluster and the galactic center. Likewise, the response of HAWC to gamma rays from these sources has been simulated in several channels of well-motivated DM annihilation (bb, tt, τ τ, W + W − ) [46] . By now, this task is out of the scope of this work, nevertheless we plan to resume it in future works.
A. The effective Lagrangian for coupling
The effective Lagrangian for the coupling of a Dirac fermion with magnetic and electric dipole moment with the electromagnetic field is [22]
where χ denotes DDM field, F µν is the electromagnetic tensor, and the coupling form is given as
, where D and M are the electrical and magnetic dipole moments respectively, both
with units e cm.
For low energies such that γ-energy and DDM mass relation E γ /m χ , the photon is blind for M − D difference. In Equation (2), χχ pairs in the galactic halo or contained in any region of the Universe with high densities (centers of galaxies, clusters of galaxies), can annihilate directly to γX, where X = γ, Z, H (H a Higgs boson). In this work we assume that the annihilation of DDM particles is towards two photons through the diagrams shown in Figure 1 . Annihilations take place mainly through s-waves, so σ ann v rel is almost independent of the speed and therefore independent of the temperature [40] .
B. Effective cross-section of the annihilation process: χχ → γγ
We consider the annihilation process χχ → γγ with the same DDM particle as the propagator.
cross-section is computed in the frame of center of mass (CM). For this process one have two contributions at low order (see Figure 1) . Hence, the amplitude of DDM annihilation is M = M 1 + M 2 , with M 1,2 given as
FIG. 1. Feynman diagrams for χχ → γγ.
So, the total amplitude M is
where k 1 , k 2 and p 1 , p 2 are the quadrimoments output and input respectively; q 1 and q 2 are the transferred quadrimoments, and m χ is the DDM particle mass.
To compute | M | 2 , we take into account that p 2 1 = m 2 χ , k 2 1 = 0, and k 2 2 = 0 being that the resulting particles are photons. So, | M | 2 takes the expression
where p is the DDM moment and θ is the scattering angle.
Then, we derive the differential effective annihilation cross-section σ ann , which reads as
where we use the Equation (6), as well as
Eχ . We need to compute < σ ann v rel > so that, using the method given by J. D. Wells in Ref. [47] , we express (7) in terms of Mandelstam variables (s, t)
where
Finally, in order to get the average of the thermal distribution of the WIMPs we need to compute σ ann v rel overall the phase-space variables. In that way, we get σ ann v rel needed to carry out further thermal analysis such as computing the residual abundance.
Since DM mean velocity is almost vanishing -hence the velocity dispersion-, we must work within the non-relativistic limit. Then, starting of Equation (8)-where it is possible to use the method described in Ref. [47] , σ ann v rel is given as Let us now to rewrite the predicted σ ann v rel in (9) as
where x = mχ T is the decoupling energy (T is temperature), which in non-relativistic limit x >> 1 (or T << m χ ), the dimensionless parameter f ≡ (which corresponds to the ratio of electric to magnetic dipole moments respectively), and the dimensionless function H(f, x):
We set x to the magical number x = mχ T ∼ 22, which is its typical value for WIMPS [49] . In this way, the theoretical parameter-set we shall use onward is {m χ , M 16 , f }.
Notice that σ ann v rel increases either if m χ and M 16 do it, which implies that if m χ or M 16 increase, χχ pairs annihilate more efficiently. Since the H(f, x) factor is order one, the m χ and the M 16 just do control the order of magnitude of σ ann v rel .
III. CONSTRAINTS ON THE DDM PARAMETERS SPACE ACCORDING TO PLANCK
In this section we determine a parameter-subspace of DDM models that is consistent with some cosmological constraints derived from Planck measurements of the temperature anisotropies of the cosmic background radiation. Firstly, in subsection III A, we consider phenomenological constraints in the f e σ ann v rel − m χ plane (f e a non perfect absorption efficiency is assumed) derived by Masi et al. [50] and by Kawasaki et al. [51] , in order to infer the corresponding implications within our specific model and derive the allowed region of parameter space accordingly. The resulting bounds on the parameters will be taken as a prior assumption in our further statistical analysis carried out in the next section. Secondly, in III B we determine the projected posterior probability distribution (PPD) for m χ , such that our prediction of the relative density of the cold DM relic Ω cdm h 2 is consistent with the most recent measurements according to Planck [41] . For that purpose, we sample the DDM parameter space using a grid-mesh in the three dimensional for it in order to compute the goodness-of-fit estimator χ 2 associated to the previously mentioned data-set.
A. Constraints from measurements of the Temperature Anisotropies of the CMB by Planck
In section II we have already explained how some observable signatures of DDM might appear in the features of the CMB. On one hand, let us recall that the overall DM abundance at recombination strongly determines the shape of the anisotropies of the CMB. On the other hand, DM annihilation injects energy to the electron-photon gas during such epoch, and consequently, the location and shape of the peaks of the CMB spectrum provide information about the magnitude of the annihilation cross-section and the mass of the DM particle [39] .
Firstly, let us describe the phenomenological constraints considered here. In [50] , bounds in the f e σ ann v rel − m χ plane are derived and these are based on preliminary Planck results which are compatible with a s-wave annihilation cross-section around 10 −23 cm 3 s −1 for ∼ TeV DM, in their analysis it is assumed an imperfect absorption efficiency f e ∼ 0.2 [52] . In despite of being preliminary, such constraints are consistent with posterior bounds reported in [51] inferred from Planck 2015. In that work, the effects of energy injection to the background plasma due to annihilations occurring at higher red-shift are simulated by using the methods established in [53] .
As pointed out by the authors, CMB inferences have some advantages over cosmic ray ones, namely, CMB constraints do not depend on the DM distribution inside galaxies, which represents a source The solid light-blue line in the same plane represents the WMAP5 constraint [54] . Notice that the upper bound for the mass from this data-set is weaker by more than one order of magnitude in comparison to the one corresponding to Planck. 
2.5 × 10
which leads to Constraints from CMB measurements can be fitted by the following functional form:
In a similar way as the relic abundance bound provides a lower bound m low , the CMB-Planck constraint provides an upper bound for the DM particle mass m χ within models with M 16 < M * 16 , which satisfies σ P (m up ) = f e σ ann v rel th (m up , M 16 , f ).
This one implies that
In addition, for the more general case in which f is a free parameter, the top and bottom panels in Figure 3 illustrate the level-contours for functions m up (M 16 , f ), and m low (M 16 , f ) respectively, corresponding to the upper an lower bounds for models with different magnitudes of electric and magnetic dipole moments. In Figure 3 , it is illustrated how both bounds for two chosen models can be determined. Both of it are representative, the first one (orange label) with M 16 = 0.5 and f = 1 has equal electric and magnetic dipole moment close to the cutoff value M * 16 , while for the second model (purple label) a larger M 16 is permitted as long the M 16 − D 16 ratio is reduced. For is fixed, the cutoff for m χ is uniquely determined. In contrast, when M 16 is fixed while f is free to vary, a whole range of masses are allowed.
B. Bounds from The Relative Density of DM Relic
In this subsection we derive bounds on the dipole moments and the mass of DDM from requiring that the predicted cold relic of these particles to be in accordance to the latest measurement by Planck. In the first part, we consider the whole three dimensional parameter space described at the beginning of this section. It is usual to fix the electric to magnetic dipole moment ratio to f = 1 under the argument that M 16 and D 16 arguments have the same order. However, even if f ∼ 1 here we show that theoretical curves in the Ω cdm h 2 − m χ plane are importantly sensitive to variations of f .
Plik CamSpec
Combinado Ω cdm h 2 ± 1σ 0.12 ± 0.0012 0.1197 ± 0.0012 0.1198 ± 0.0012 TABLE I. Cold DM relative density from Planck data-sets.
General Case: D = M
In this section we study the regions of the DDM space of parameters inside wide ranges of values of m χ . Naturally, the purpose is to identify the regions of highest likelihood in accordance to the latest bounds to the DM relative density inferred from Planck. Before that, with the aim of getting an idea of the extent sensitivity of Ω cdm h 2 to each of the theoretical parameters, we explore the predicted Ω cdm h 2 − m χ curves for different models.
We generated Figure 4 which clearly illustrates the effect of varying the dipole moments parameters M 16 and f over Ω cdm h 2 as function of the DM particle mass. More specifically, three classes
of Ω cdm h 2 (m χ ) curves are shown which have a common value of f (associated with a given color).
Each class contains curves of a models host with values of M 16 within a fixed range of order 1. For a fixed M 16 , the effect of varying f is clear, as it increases the Ω cdm h 2 − m χ curves shift to smaller
As a consequence, the values of m χ picked by the data for DDM with non vanishing electric dipole moment (for a given value of M 16 ) are smaller than for DM holding only magnetic dipole moment. In other words, light DDM particles holding electric dipole moment are able to annihilate at the same rate than heavier particles with f = 0. In addition, there exists an overlap of curves of different classes, which is an indicator of a possible degeneracy between the parameters. Now let us proceed to describe the procedure used to sample the DDM parameter space. We calculated the χ 2 statistical estimator corresponding to the most recent measurement of the cold DM relative density from Planck data-sets shown in the Table I . For this purpose, the corresponding theoretical prediction is related to the thermally averaged cross-section computed previously in 1. We can assume, as a fair approximation, a normal likelihood distribution for Ω cdm considering a flat prior.
Thus, based on the Bayes theorem the posterior probability of a model associated to a point in parameter space (m χ , M 16 , f ) to describe a measurement of Ω cdm h 2 reads
where σ is the observational error and Ω (ob) cdm is the best-fit central value of the Planck collaboration estimation. By computing numerically the χ 2 described below, we sampled the parameters space Now let us consider, that D 16 = M 16 under the assumption that both electrical and magnetic dipole moments are the same order of magnitude. Therefore, the annihilation effective cross-section expression by the relative thermally averaged speed for the process χχ → γγ is: We are taking into account the upper limit for dipole moments, D 16 = M 16 ≤ 3, reported by K.
Sigurdson et al. [22] and the decoupling energy for the WIMPs, x ∼ = 22. Note that σ ann v rel has the order of magnitude corresponding to the total annihilation cross-section for a generic WIMP, which is usually set as σ ann v rel D 16 =3 3 × 10 −26 cm 3 s −1 [55] .
On the other hand, since the residual density of cold DM estimated by WMAP is [56] , we can relate Equation (17) with (1) to obtain Ω cdm h 2 ≈ 0.11. Then, if DDM particles are cold dark matter, it implies that the DDM particle mass density depends on the electrical dipole moment M 16 and the mass m χ . Therefore, for electrical dipole moments below e cm and masses it is always satisfied with the residual abundance given by WMAP (see Figure 2) . In this particular case in which f = 1 is assumed, there is a upper bound for the dipole moment given by M * 16 ∼ 0.44 implied by CMB measurements by Planck. Even though candidates with M 16 > M * 16 can be compatible with the relic abundance observations for a range of masses, they are excluded by the Planck-CMB measurements. Particle masses with dipole moment M 16 ∼ M * 16 (tick purple line in Figure 6 ) are very restricted and lay in a narrow range around m * χ ∼ 500 GeV in order to be consistent with relic abundance observations. Although particles of this kind with masses m χ < m * χ are allowed by CMB measurements, their thermally averaged annihilation cross-section would be insufficient predict the relic abundance but only making up a fraction larger than the green line.
In conclusion, on this final combined analysis, by considering both the relic abundance and the CMB measurements, a host of models with low masses and large M 16 are excluded. After considering the latter set, the first two rows in Table II are excluded.
IV. CONCLUSIONS
In this work we studied the DM annihilation, considering it as a neutral particle with non vanishing magnetic and/or electric moments. Therefore, we studied this candidate with M ∼ D laying below the upper bound of 3 × 10 −16 e cm obtained in previous works [22] . The effective annihilation cross-section χχ → γγ was analytically computed from first principles. In addition,
we restricted the parameters space involved in the thermally averaged annihilation cross-section in order that the DDM model to be consistent with cosmological data, such as the relative density of the DM relic abundance and measurements of the temperature anisotropies of the cosmic background radiation. Then, we considered the model-independent constraint in the f e σ ann v rel − m χ plane derived in [51] , and one analyzed its implications over the DDM model parameter space.
Firstly, by imposing these CMB bounds and fixing M 16 , f values, there exists an upper bound for DDM particle mass, m up . Moreover, in order to m χ to be consistent with measurements of the DM relative density today a lower bound m low is imposed. The resulting allowed mass range lies around 500 GeV. We also demonstrated that if f is taken as a free parameter (while remaining order one), then the allowed range of M 16 , consistent with the CMB data-set, becomes pretty wide.
As a second step, we analyzed the CMB constraint implications and the relic abundance measurement as well. By combining both priors, we found the upper cutoff M * 16 = 0.44 for the magnetic dipole moment (when f ∼ 1). Afterwards, we estimated the projected posterior distributions for m χ taken several f values, and by fixing the magnetic dipole moment M 16 to a value below M * 16 in accordance to the CMB prior.
